Background: MC1R, a G-protein coupled receptor with high affinity for alpha-melanocyte stimulating hormone αMSH , modulates pigment production in melanocytes from many species and is associated with human melanoma risk. MC1R mutations affecting human skin and hair color also have pleiotropic effects on the immune response and analgesia. Variants affecting human pigmentation in utero alter the congenital phenotype of both oculocutaneous albinism and congenital melanocytic naevi, and have a possible effect on birthweight. Methods and Results: By in situ hybridization, RT-PCR and immunohistochemistry, we show that MC1R is widely expressed during human, chick and mouse embryonic and fetal stages in many somatic tissues, particularly in the musculoskeletal and nervous systems, and conserved across evolution in these three amniotes. Its dynamic pattern differs from that of TUBB3, a gene overlapping the same locus in humans and encoding class III β-tubulin. The αMSH peptide and the transcript for its precursor, pro-opiomelanocortin (POMC), are similarly present in numerous extracutaneous tissues. MC1R genotyping of variants p.(V60M) and p.(R151C) was undertaken for 867 healthy children from the Avon Longitudinal Study of Parent and Children (ALSPAC) cohort, and birthweight modelled using multiple logistic regression analysis. A significant positive association initially found between R151C and birth weight, independent of known birth weight modifiers, was not reproduced when combined with data from an independent genome-wide association study of 6,459 additional members of the same cohort. Conclusions: These data clearly show a new and hitherto unsuspected role for MC1R in noncutaneous solid tissues before birth.
hormone are produced. These observations led us to examine how MC1R may be a modifier 62 gene for not only rare but common traits. 63
We therefore explored the hypothesis that MC1R displays pleiotropy before as well as after 64 birth, by examining its expression profile at different times of gestation and in multiple 65 orders of amniotes (bird, rodent, primate). We also compared these findings to the 66 expression pattern of human TUBB3, because the first exon of TUBB3 has been annotated 67 to overlap the coding sequence of MC1R, hybrid transcriptional isoforms have been 68 discovered in the pigment cell lineage (Dalziel et al. 2011), and MC1R variants could 69 potentially have an effect via either protein product. and MC1R variants could potentially 70 have an effect via either protein product. Ultimately, though, we confirmed that human 71 TUBB3 expression is restricted to the central nervous system before birth. Our data 72 supports an evolutionarily conserved role for the MC1R signaling axis in the development of 73 unexpected tissues like muscle, cartilage, and numerous internal organs. Genotyping was carried out by sequence trace analysis using Sequencher software 144 (Softpedia). The additional genotyping data for R151C was obtained from ALSPAC upon 145 request. 146
Statistical Analysis 147
Logistic regression modeling was used to test the hypothesis that MC1R genotypes R151C or 148 V92M were statistically associated with increased birth weight in the population samples 149 examined. The covariates added to the model were sex, gestation (in completed weeks), 150 maternal pre-pregnancy weight (kg) and smoking (tobacco smoked in the last two weeks). 151
Only babies born at term (between 37 and 42 weeks) were used in this study. Analysis was 152 performed using the SPSS statistical package (version 21).
Results

154
Expression of MC1R during human embryonic and early fetal development
155
We analyzed MC1R expression in normal human tissues from embryos and fetuses at 156
Carnegie stages (CS) 18 (6-7 weeks' gestation [wg]), CS23 (8 wg), Fetal stage 1 (F1 -early 9 157 wg), F3 (11 wg) and 18 wg. 158
In situ hybridization revealed widespread transcription of MC1R mRNA in the skeletal 159 system, demonstrated in the cells, periosteum, and muscle fibers surrounding the femur 160 and patella, and the forelimb radius and ulna, at CS23 ( Figure 1A) . In addition, MC1R 161 transcripts were observed in the liver, pancreas, adrenal cortex, and the tubules and (Figure 2E, F) . In contrast to 204 widespread transcription in limb, head, rib and pelvic cartilage, Mc1r was detectable in the 205 intervertebral discs ( Figure 2E ) but not in the vertebral body itself (Figure 2E, F) . (Figure 2G) , vibrissae (Figure 2G') , and the lining of the nasal 208 cavity at E17.5 (Figure 2H) . The nasal cartilage and frontal bones also expressed Mc1r as 209 well as the temporalis, orbicularis oculi ( Figure 2H) and zygomatic facial muscles. Expression 210 remained strong in the neurosensitive retina as well as in CNS neurons throughout the 211 brain, including the forebrain and spinal cord (Figure 2H, I) . The trapezius, hindlimb muscle 212 groups, and intercostal muscles transcribed Mc1r (Figure 2I) . 213
Smooth muscle layers of the stomach (E13.5) and diaphragm (E17.5) were positive ( Figure  214 2C, 2H), and expression also continued in the liver, lung and heart (Figure 2J) as well as the 215 thymus (not shown). By postnatal day (P)2, strong transcription of Mc1r was observed in 216 pyramidal neurons of the hippocampus and at lower levels in motor nuclei, a subependymal 217 layer of the cerebral cortex, and the choroid plexus (Figure 2K) . The skeletal muscle of the 218 hypodermis (panniculus carnosus, not shown) as well as follicular keratinocytes of the inner 219 root sheath, but not the interfollicular epidermis, express Mc1r in adult skin (Figure 2L) . 220 Figure 3A, B) , not corresponding to specific anatomical features. Mc1r was 227 more widely transcribed by early fetal stage HH29, corresponding to 6-6.5 days' incubation. 228
Analysis of Mc1r expression in chicken embryonic and fetal development
Sites included the ectoderm and intercostal and epaxial skeletal muscles (Figure 3C) , the 229 salivary gland, and some cephalic muscles including oculomotor and pterygoid. Expression 230 was observed in the brain and cranial ganglia with comparatively strong expression in 231 discrete zones of subectodermal mesenchyme of both the beak primordium (Figure 3D , 232 arrows) and forelimb (Figure 3E, arrow) , but little to none in the cartilage itself. 233
By HH32 (approximately 7.5-8 days' incubation), skeletal muscles and localized perichondrial 234
Mc1r expression continued in both limb and trunk (Figure 3F) . Areas of mesenchyme also 235 continued to transcribe Mc1r, in which case the ectoderm expressed comparatively less 236 transcript (arrow); tracheal smooth muscle had some, but kidney (not shown), liver and 237 heart showed little to no Mc1r expression at this stage. 238
Ligand expression
239
POMC transcripts are translated into the peptide pro-opiomelanocortin, which is 240 enzymatically processed to yield two hormones that are each agonists of MC1R (Suzuki et  241 al., 1996): the higher affinity alpha-melanocyte-stimulating hormone (-MSH), and 242 adrenocorticotropic hormone (ACTH). In order to establish whether Mc1r is likely to be 243 activated before birth by specific ligand-dependent binding, we examined the transcription 244 of Pomc during mouse and chicken embryogenesis by in situ hybridization. 245
An antisense RNA probe against murine Pomc at E11.5 showed widespread expression 246 throughout the CNS, in developing skeletal muscle masses, cartilage and craniofacial 247 mesenchyme (Figure 4A) . Stronger localized expression was seen by E13.5 in the dorsal root 248 ganglia, spinal cord and lung (Figure 4B) as well as liver, dermis, epaxial skeletal muscle but 249 also diaphragmatic and intestinal smooth muscle, but less intensely in cartilages such as the 250 vertebral body (Figure 4C) . In the head at the same stage (Figure 4D) , Pomc remained 251 widely transcribed, as in the heart (cf. the mouse heart's Mc1r expression in Figure 2E , J). 252
Epithelia in close contact with overlying mesenchyme such as the salivary glands, the nasal 253 epithelia, the stomach and the lung were all positive (Figure 4C, D) . Pomc also showed 254 intense expression in areas of the tongue, nasal epithelium, pons, cerebellum and 255 hypothalamus. A complementary coronal section through a chicken embryo at HH31 also 256 showed high levels of transcription within a subset of hypothalamic neurons and 257 transcription through the hindbrain (Figure 4E) . The nasal glands and epithelium, facial 258 muscles and vibrissae, as well as more standard-sized hair follicles of the face (Figure 4F continued to be expressed in feather follicular epidermis and dermis, with an asymmetric 269 distribution of Pomc in the same dermal compartments seen in cross-section (Figure 4J, K) .
transcription of the transcription factor Sox10 (Figure 4L) , at the onset of the period when 272 the chicken fetus begins to show pigmentation of some maturing follicles. 273
Immunohistochemistry against MSH (Figure 5) showed that most but not all embryonic 274 sites of Pomc transcription yielded the presence of this specific ligand in chicken or mouse. 275 At murine E13.5, MSH was synthesized in limb epidermis, muscle masses, perichondrium 276 and cardiomyocytes (Figure 5A-B) . By E17.5, immunoreactivity remained strong in limb skin 277 and skeletal muscle (including the panniculus carnosus) but not in the cartilage or 278 perichondrium (Figure 5C) . The hormone was also produced by the E17.5 liver, pancreas, 279
intestinal epithelium, adrenal gland and kidney (Figure 5D, E) , as well as interdigital 280 mesenchyme (Figure 5F) . In the chicken, strong immunoreactivity was observed in the 281 ocular choroid plexus, between the retinal pigmented epithelium and the (negative) sclera 282 ( Figure 5G) , at HH29. As in the mouse limb and paw, synthesis was excluded from 283 embryonic chicken cartilage at this stage in both proximal limb and wingtip, as well as from 284 the dorsal root ganglia. However, MSH immunoreactivity was observed in perineural 285 sheaths and distal nerves; subectodermal mesenchyme in a manner reminiscent of, but not 286 superimposing, Mc1r transcription in body wall and limb (cf. Figure 3) , and to a lesser extent 287 in interdigital mesenchyme (Figure 5H) . 288
Birth weight analysis using logistic regression modelling
289
In an earlier study, we found that of 270 normal children from the English ALSPAC study 290 We therefore genotyped 867 children from the ALSPAC cohort for these two alleles, and 294 confirmed a significant positive association (p = 0.05) between the R151C variant and birth 295 weight in this group, again independent of other known modifiers ( Table 1) . Within this 296 larger sample, MC1R R151C-variant newborns had a mean birthweight that was 74 g grams 297 heavier than other genotypes, including wild type and other variants. However, V92M no 298 longer showed a significant association with birth weight (p = 0.41). When combined with 299 GWAS data using 6,459 additional individuals from the same cohort (total samples analysed 300 7,326), the R151C association also was no longer significant (p = 0.40) ( Table 1) . Thus, 301 variations in MC1R genotype and, by extension, signaling activity, do not appear to correlate 302 with birth weight in the general English population as represented by the ALSPAC cohort. A 303 similar analysis was then performed using maternal MC1R genotype at these two alleles, 304 and birthweight of the child. We had postulated that a connection between maternal 305 genotype and Vitamin D status could have nutritional effects on growth of the fetus. 306
However this analysis also failed to demonstrate a significant association. 307
Discussion
308
Our previous study led us to consider functional roles for MC1R before birth that may affect 309 weight at birth, and thereby to investigate its expression in the developing embryo. In this 310 work, we have demonstrated evolutionary conservation of previously-undescribed Mc1r 311 and MC1R expression domains, particularly in specific compartments of the prenatal skin 312 and skeletal musculature, in three amniote species including humans. In addition, the 313 widespread transcription of Pomc we document for the first time in the developing tissues 314 of both avian and murine embryos, supports an evolutionarily conserved role for Mc1r in 315 regulating growth of multiple organ systems, including those potentially affecting weight at 316 birth. Investigation of potential correlations between two variant MC1R genotypes and 317 increased birth weight in human infants did not allow us to further support the hypothesis 318 that these alleles had a measurable effect on this specific phenotype for the general 319 population. Intriguingly, many years ago, strong correlation between light hair and freckling, 320 traits known to be influenced by MC1R genotype, and body build (an early type of BMI 321 relating height to weight) had already been noted (Brues 1950 
